Lignin is a heteropolymer that is thought to form in the cell wall by combinatorial radical coupling of monolignols. Here, we present a simulation model of in vitro lignin polymerization, based on the combinatorial coupling theory, which allows us to predict the reaction conditions controlling the primary structure of lignin polymers. Our model predicts two controlling factors for the b-O-4 content of syringyl-guaiacyl lignins: the supply rate of monolignols and the relative amount of supplied sinapyl alcohol monomers. We have analyzed the in silico degradability of the resulting lignin polymers by cutting the resulting lignin polymers at b-O-4 bonds. These are cleaved in analytical methods used to study lignin composition, namely thioacidolysis and derivatization followed by reductive cleavage, under pulping conditions, and in some lignocellulosic biomass pretreatments.
Lignins are aromatic polymers that are predominantly present in secondarily thickened cell walls. These polymers make the cell wall rigid and impervious, allowing transport of water and nutrients through the vascular system and protecting plants against microbial invasion. Lignins are heterogeneous polymers derived from phenylpropanoid monomers, mainly the hydroxycinnamyl alcohols coniferyl alcohol (G-monomer) and sinapyl alcohol (S-monomer) and minor amounts of p-coumaryl alcohol (H-monomer). These monolignols differ in their degree of aromatic methoxylation (-OCH 3 group; Fig. 1 ). The resulting units in the lignin polymer are the guaiacyl (G), syringyl (S), and p-hydroxyphenyl (H) units. They are linked by a variety of chemical bonds (Fig. 2 ) that have different chemical properties Ralph et al., 2004; Vanholme et al., 2008) .
Lignification is the process by which monomers and/or oligomers are polymerized via radical coupling reactions and typically occurs after the polysaccharides have been laid down in the cell wall. Lignin composition varies among cell types and can even be different in individual cell wall layers (Ruel et al., 2009 ). Lignin composition is also influenced by environmental conditions; for example, lignin in compression wood is enriched in H-units (Timell, 1986) . Hence, both developmental and environmental parameters influence the composition and thus the structure of the lignin polymer Ralph et al., 2004) .
Lignin is one of the main negative factors in the conversion of lignocellulosic plant biomass into pulp and bioethanol (Lynd et al., 1991; Hill et al., 2006) . In these processes, lignin needs to be degraded by chemical or mechanical processes that are expensive and often environmentally polluting. Hence, major research efforts are devoted toward understanding lignin biosynthesis and structure. It has already been shown that reducing lignin content and modifying its composition in transgenic plants can result in dramatic improvements in pulping efficiency (Pilate et al., 2002; Baucher et al., 2003; Huntley et al., 2003; Leplé et al., 2007) and in the conversion of biomass into bioethanol (Stewart et al., 2006; Chen and Dixon, 2007; Custers, 2009) . These altered biomass properties are related to the alterations in lignin composition and structure in terms of the frequencies of the lignin units and the bond types connecting them and possibly also their interaction with hemicelluloses Ralph, 2006) .
To study the parameters that influence lignin structure, lignin polymerization has been mimicked in vitro by experiments with dehydrogenation polymers (DHPs; Terashima et al., 1995) . Indeed, lignification can be mimicked by oxidizing monolignols using a peroxidase, such as horseradish peroxidase (HRP), and supplying its cofactor hydrogen peroxide, producing synthetic DHP lignins. Monolignol oxidation can also be achieved without enzymes (e.g. by using transition metal one-electron oxidants, such as copper acetate). Some of these biomimetic DHPs have been suggested to be better models for wood lignins than HRP-generated DHPs (Landucci, 2000) .
In DHP experiments, the monolignols are either added in bulk (Zulauf experiment) or dropwise (Zutropf experiment) to the reaction mixture, yielding lignin polymers with very different bond frequencies (Freudenberg, 1956) . Zutropf experiments approach the in vivo formation of lignin, which depends on the slow introduction of monolignols into the wall matrix via diffusion to the site of incorporation (Hatfield and Vermerris, 2001) . Because the exact reaction conditions are known, such in vitro experiments have provided insight into the lignification process in planta. In this way, numerous factors were shown to influence lignin structure, including the relative supply of the monolignols, the pH, the presence of polysaccharides, hydrogen peroxide concentrations, and cell wall matrix elements in general (Grabber et al., 2003; Vanholme et al., 2008) .
Computer simulations of lignin polymerization can help explain and predict lignin structure from lowlevel chemical kinetic factors, including subunitcoupling probabilities and monolignol synthesis rates. Such models are helpful in explaining the mechanism behind a range of controlling factors identified in the experimental work, including (1) the ratio of coniferyl versus sinapyl alcohol monolignols, (2) the monolignol supply rate, and (3) the abundance of alternative Figure 2 . Chemical structures resulting from the possible bonding between two monomers (A) or a monomer and the bindable end of an oligomer (B). X and Y in the monomers denote the absence (for a G-unit) or presence (for an S-unit) of a methoxyl group at position 5 (see Fig. 1 ). The red line indicates the bonds generated by couplings of the B position and B, 4, or 5 position. coumaryl alcohol) . B, G-monomer (coniferyl alcohol). C, S-monomer (sinapyl alcohol). G-and S-monomers are considered in our simulations. The G-monomer is methoxylated (-OCH 3 group) on position 3, and the S-monomer is methoxylated on positions 3 and 5.
monomers present during lignin biosynthesis in mutants and transgenics. Thus, computer models will also help in suggesting new targets for controlled lignin biosynthesis.
Here, we propose a simulation model of synthetic lignin polymerization that is based upon an emerging consensus from a variety of observations and derives from a series of previous models of lignin polymerization (Glasser and Glasser, 1974; Glasser et al., 1976; Jurasek, 1995; Roussel and Lim, 1995) . Our model uses a symbolic grammar to describe a constructive dynamical system (Fontana, 1992) or a rule-based system (Feret et al., 2009 ) in which it is not necessary to define all possible products in advance. We assume that G-and S-monomers and newly formed oligomers couple in a well-mixed medium, depending on coupling rules and experimentally measured coupling probabilities. To develop the model, we have used information from DHP experiments rather than natural lignins, as they are formed in a well-mixed medium and their reaction conditions are well known (e.g. the influx rate of monomers). Using information from natural lignin would have further complicated our model, as the structures of natural lignin polymers are influenced by many factors, including the possible involvement of dirigent proteins (Davin and Lewis, 2005) , steric hindrance by polysaccharides, spatiotemporal regulation, and modifications during isolation procedures Ralph et al., 2004) .
Using our simulation models, we study how putative controlling factors of lignin primary structure, including the influx rate of monomers and the relative amount of S-monomers, affect in silico lignin synthesis, and we compare our predictions with in vitro experiments. To predict the degradability of lignins formed in our simulations, we apply an in silico thioacidolysis, which cleaves the polymers at their b-O-4 positions. This simulates the molecular action of two of the most used methods to analyze lignin composition, thioacidolysis (Lapierre, 1993; Baucher et al., 2003) and derivatization followed by reductive cleavage (Lu and Ralph, 1997) . The G+S-monomer yield is often taken as a reflection of the fraction of units bound by b-O-4 bonds. Cleavage of b-O-4 bonds is also the most important reaction in kraft pulping of wood . The model predicts from first principles (1) that DHP lignins formed under Zutropf conditions have a higher b-O-4 content than those formed under Zulauf conditions, (2) that DHP lignins formed with high S content have a higher b-O-4 content than those formed with high G content, and (3) that a higher b-O-4 content does not necessarily reduce the average length of lignin fragments generated during in silico thioacidolysis.
MODEL DESCRIPTION Lignin Polymerization Grammar
Our initial model describes free radical polymerization with a symbolic grammar. This approach de- 4) and an unbindable G-end. For convenience, the phenolic end is always at the left side in our notation. The corresponding chemical structures can be found in Figure 2 .
Monomers and oligomers couple according to a set of rules governed by the chemistry involved . For these rules, only the bindable ends of oligomers are considered, by lumping together species with identical reactive sites. This rule-based algorithm (Feret et al., 2009) prevents us from considering an endlessly growing number of reactions; instead, we look at the finite set of reactions between each pair of bindable positions.
A first set of reactions models the influx of monomer radicals into the system. We assume that G-monomers have three free binding positions (4, 5, and b) and that S-monomers have only two (4 and b); position 5 is not bindable because of its substitution by a methoxyl group (Fig. 1) . Because of their low frequency in DHP polymers, we did not consider bonds at positions 1 and a. Note that position 4 here strictly refers to the 4-O position. A zero indicates that there are no reactants, allowing us to describe the influx of reactants as a "zero order" reaction: 0/Gð4; 5; BÞ 0/Sð4; BÞ The next set of reactions describes dimerizations (i.e. the coupling of two monomers): Gð4; 5; BÞ þ Gð4; 5; BÞ/Gð4; 5Þ-½BB-Gð4; 5Þ or Gð4; 5Þ-½B4-G or Gð4; 5Þ-½B5-G Sð4; BÞ þ Sð4; BÞ/Sð4Þ-½BB-Sð4Þ or Sð4Þ-½B4-S Gð4; 5; BÞ þ Sð4; BÞ/Sð4Þ-½B5-G or Gð4; 5Þ-½B4-S If two monomers bind, each will do so combinatorially at one of its bindable positions, with probabilities based on DHP experiments (see below). At least one monomer always couples at its b position, limiting the number of possible interactions (i.e. Some bonds are mutually exclusive: if position 4 or 5 is occupied, the unit is etherified so that radical formation is no longer possible and none of the other positions allows further reaction. A dimer always has at least one bindable (phenolic) end, as at least one monomer always couples at its b position. The b-b dimer has two bindable ends.
During monomer-oligomer coupling, the monomer always couples at its b position to the oligomer: Gð4; 5; BÞ þ Gð4; 5Þ-:::/Gð4; 5Þ-½B4-G-:::or Gð4; 5Þ-½B5-G-:::
Sð4; BÞ þ Gð4; 5Þ-:::/Sð4Þ-½B4-G-:::or Sð4Þ-½B5-G-:::
Gð4; 5; BÞ þ Sð4Þ-:::/Gð4; 5Þ-½B4-S-:::
Sð4; BÞ þ Sð4Þ-:::/Sð4Þ-½B4-S-:::
with the ellipses (...) indicating the remainder of the oligomer. As radical formation remains possible from the new phenolic end of the growing oligomer, there is no oligomer termination: oligomers continue to grow as long as monomer radicals are available. Coupling of a monomer exclusively at its b position also means that oligomers cannot have free b positions, so b-b bonds do not form when either a monomer couples with an oligomer or two oligomers couple (i.e. a b-b bond always originates from a dimerization reaction). Oligomer-oligomer coupling can, in principle, lead to the formation of a branch point. In vitro and in vivo oligomer-oligomer coupling is thought to occur at a lower rate than monomer-monomer and monomeroligomer coupling, particularly in angiosperms (Jacquet et al., 1997) . For that reason, we currently ignore oligomeroligomer coupling in our model and consider only linear strands of lignin monomers.
Simulation Algorithm
The complete reaction mixture constitutes an ensemble of all unique monomers and oligomer sequences, with their relative abundances, all in a list generated by the model. We also keep a separate list that lumps reagents with identical bindable ends, listing, for example, the amounts of oligomers with one bindable G-end, oligomers with two bindable G-ends, etc. The choice of reaction and the time at which this occurs is determined by a stochastic simulation algorithm (Gillespie, 1977) . Figure 3 gives a flow chart of the complete simulation algorithm.
The stochastic simulation algorithm iteratively chooses the next reaction i and the time t at which it takes place. For each reaction, we determine the reaction rate or propensity: a i = h i 3 c i , with h i representing an extrinsic reaction rate factor and c i representing an intrinsic rate constant. The intrinsic rate constant, c i , depends on the physicochemical features of both reactants, the bond that is formed, the temperature, and the reaction volume (see below). The extrinsic reaction rate, h, is proportional to the collision probability of the reactants; it is the number of unique combinations between all molecules in the reaction mixture that match both lumped reactants. As the reaction mixture is changed after each reaction, the set of extrinsic values also will change continuously. The algorithm generates a random number, r 1 e]0,1], from a uniform distribution and selects reaction i for which
The time difference with the previous reaction (t) is determined by another random number, r 2 e]0,1], as t = (1/a 0 )ln(1/r 2 ) (Gillespie, 1977) .
Once a reaction is selected, the algorithm selects the corresponding molecular types from the list of lumped reactants and randomly selects two specific molecules that match these molecular types. Then, the algorithm binds the reactants according to the chosen reaction, which also specifies a bond type, by appending the bond and monomer {e.g. -[4B]-G(4,5)} to the oligomer sequence according to the grammatical rules listed above.
The influx rate for each monomer is the product of the overall monomer influx rate and the G-fraction or S-fraction (1 2 G-fraction). The influx is stopped after a maximum number of monomers has been introduced in the reaction mixture (50,000 in the simulations presented here). This approach allows us to separate the effects of molecule density from the effects of influx rates.
Parameter Settings
The reaction constant of a reaction can be considered to be the product of the intrinsic probability that the reactants bind after collision (binding probability), the intrinsic probability that a specific bond is formed (bond probability), and an overall rate constant. The overall reaction rate is unknown, but we used the factor 10 26 for practical reasons, to make the simulations less costly. It does not affect the results, as only the relative reaction constants are of importance (data not shown). To a first approximation, we assumed all binding probabilities to be the same for each reactant combination, doubling the propensities for reactions of oligomers with two bindable ends (Bamford and Dewar, 1947) . Also, the bond probabilities for monomer-oligomer reactions are unbiased. To assign the bond probabilities for dimerization reactions ([B4], [B5], [BB]), we made an estimate based on data from Zulauf DHP experiments (Morreel et al., 2004) where either only G-monomers or only S-monomers were added to the reaction mixture (Table I ). The reaction constants (input) were hand fitted by matching the in silico frequencies of the dimer species (output of a Zulauf simulation) to the in vitro frequencies. Table II lists the resulting reaction constants as used in our simulation. To ascertain that our results did not depend on these specific values of the parameters, our simulations were repeated using unbiased bond prob-abilities for all monomer-monomer and monomeroligomer couplings.
Simulation Data Analysis
To analyze the relative frequencies of the reactions and bonds formed during the simulation, we keep track of the frequency by which each reaction occurs. We analyze these data based on the following observables. The total b-O-4 fraction gives the fraction of b-O-4 bonds from the dimers and higher order oligomers in the reaction mixture,
with n bO4 the number of b-O-4 bonds and n bO4 + n bb + n b5 the total number of chemical bonds in the reaction Repeatedly, a reaction is chosen and applied to the reaction mixture. Boxes 0 to 3 show the Gillespie (1977) algorithm, and boxes 4 to 6 show the execution of a reaction. Type includes the lumped description of oligomers (i.e. an oligomer with a bindable G-end or a bindable S-end) as well as the monomer types.
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mixture. We also keep track of the b-O-4 fraction of bonds formed in dimerization and oligomerization reactions separately. We define the monomer-oligomer coupling fraction,
with n mm the number of times a dimerization reaction has occurred in the simulation and n mo the number of times a monomer-oligomer coupling has occurred in the simulation. Finally, we analyze the degradability of the reaction mixture after in silico degradation (simulated thioacidolysis or derivatization followed by reductive cleavage) by cleaving all b-O-4 bonds in the reaction mixture and comparing the average size of lignin fragments before and after degradation. We then define the monomer yield as y m = n M,d /n u , the ratio between the number of monomers after degradation as n M,d , and the number of subunits in oligomers before degradation as n u .
RESULTS
In Silico Lignin Polymerization under Zulauf and Zutropf Conditions Figure 4 shows the numbers of monomers and oligomers as a function of time under Zulauf and Zutropf conditions for the experimental parameter set based on DHP data. To simulate Zulauf conditions (Fig. 4A) , 50,000 monomers (25,000 of each type) were added to the reaction mixture over a period of 0.1 s. After the formation of dimers and longer oligomers had depleted the monomers, the simulation was stopped. To simulate the Zutropf conditions shown in Figure 4B , the same number of 50,000 monomers was added much more slowly, over a period of 1,000 s. After an initial increase of the number of monomers, the influx of monomers almost equals the consumption by monomer-monomer coupling and monomeroligomer coupling. The level of monomers continues to decrease slowly as the total level of oligomers rises and more monomers are consumed. The number of oligomers also reaches an almost steady level, as they are both produced and consumed in oligomerization reactions.
Longer oligomers emerge as the reaction proceeds. The total number of oligomers rises and surpasses the number of monomers. Thus, the relative level of monomer-oligomer reactions rises at the expense of dimerization reactions. Dimerization and oligomerization reactions rapidly deplete the monomers after the influx of monomers has been stopped.
Slow Monomer Influx Favors Monomer-Oligomer Coupling and Increases the b-O-4 Fraction
To determine the effect of the influx rate on lignin structure and degradability, simulations were run for seven different influx rates (Fig. 5) : the influx rate was gradually decreased by a factor of 10, so that the influx time was increased from 0.1 s (Zulauf) to 100,000 s Table I . The abundances of each dimer (relative to all dimers; rows 1-7) and each trimer group (relative to all trimers; rows 8-13) in vitro (DHP experiment) and in silico Trimers are grouped according to the monomer-oligomer reaction that produced them (Table II) ; for example, all trimers in group 8 are the result of coupling a G-monomer radical at its b position with the 4-O position of a G-end radical of dimers 1, 2, 3, or 7. The in vitro abundances are deduced from an HPLC chromatogram of a DHP experiment (Morreel et al., 2004) . Using the experimental reaction constants from Table II, these in vitro abundances match the resulting in silico abundances for dimers quite well. A zero (0) denotes that the structure was not found, and a dash (-) denotes that the structure is not possible (e.g. a G-dimer when there is no influx of G-monomers). (Zutropf). For each simulation, 25,000 G-monomers and 25,000 S-monomers were added (S-fraction is 50%). We analyzed the lengths before and after degradation, the b-O-4 fraction (fraction of b-O-4 bonds relative to all bonds), and the monomer-oligomer coupling fraction (fraction of monomer-oligomer coupling reactions relative to all reactions). Figure 5 shows that DHPs formed at low monomer influx rates (Zutropf; i.e. long influx duration near the right end of the x axis) are longer (Fig. 5A) , have more b-O-4 bonds ( Fig. 5B ; total b-O-4 fraction), and have a higher monomer yield after degradation compared with those formed at fast monomer influx rates (Zulauf; i.e. short influx duration near the left end of the x axis). Despite the increased b-O-4 fraction at Zutropf conditions, the influx rate hardly affects the average length of degradation fragments (Fig. 5A) . This is because the frequency of b-O-4 bonds in Zulauf Table II . Reaction constants for dimerization reactions (1-7) and monomer-oligomer reactions (8-13) used in our simulations (arbitrary units)
The bond probabilities in dimerizations (i.e. the probability that a certain bond is formed after collision) were estimated by hand fitting the abundances of dimers in a Zulauf simulation experiment (influx time of 0.1 s) to dimer abundances in a Zulauf DHP experiment (Morreel et al., 2004) , for G-fractions [G/(G + S)] 0% and 100%. The probabilities for binding and the bond probabilities for monomer-oligomer reactions are unbiased. A separate set of completely unbiased reaction constants (both probability of binding and choice of bond) was used for comparison, as shown in the last column. lignins is already rather high (Fig. 5B) , so Zutropf reaction conditions cannot reduce the average length of degradation fragments much further. Both under Zulauf and Zutropf conditions, monomer-monomer couplings are initially more frequent than monomeroligomer reactions, because only a few oligomers are available. However, under Zutropf conditions, oligomers become predominant after an initial buildup of dimers. Thus, under Zulauf conditions, dimerization reactions are most frequent, whereas under Zutropf conditions, monomer-oligomer couplings are more frequent. Thus, lignin chains will be longer on average under Zutropf conditions (Fig. 5A) . Figure 5B shows that the total b-O-4 fraction (full red line) increases with a decreasing influx rate. As the frequency of b-O-4 bonds generated in monomeroligomer reactions (dotted magenta line) is higher than in dimerization reactions (spaced dotted blue line), the increase in monomer-oligomer coupling reactions (dashed green line) will also result in an increase of the total b-O-4 fraction (full red line). After in silico cleavage of these b-O-4 bonds, the monomer yield will be higher (dashed dotted cyan line) and even seems to be proportional to the total b-O-4 fraction.
In Figure 5B , we also observe that the b-O-4 fraction in monomer-oligomer couplings (dotted magenta line) is slightly higher under Zulauf than under Zutropf conditions (S-fraction is 50%). Subunits binding to an S-ended oligomer always form a b-O-4 bond, while subunits binding to a G-end only form a b-O-4 bond with 50% probability. Thus, under Zulauf conditions, the number of bindable S-ends is apparently higher than under Zutropf conditions. This is due to the relatively higher number of dimers, which have a higher fraction of bindable S-ends (approximately 72%; Table I ) compared with longer oligomers (approximately 48%; Table I ).
Higher S-Fraction Increases the b-O-4 Fraction
Next, we varied the relative abundance of G-and S-units to study the effect of monolignol composition on lignin structure and degradability. Here, the S-fraction is defined as the number of S-monomers relative to the total number of monomers [S-fraction = S/(G + S)]. Zulauf simulations were run for S-fractions ranging from 0% to 100%, with a 10% interval (Fig. 6) , and the lengths of the oligomers before and after degradation, the fraction of b-O-4 bonds, and the monomer-oligomer coupling fraction were determined. Figure 6 shows that a higher S-fraction results in longer lignin polymers that are easier to degrade (higher b-O-4 fraction). At higher S-fractions, more dimers with two bindable ends are formed, as the reaction constant for S(b-b)S is higher than for G(b-b) G (Table II) . Thus, at higher S-fractions, more bindable positions are available and more monomer-oligomer coupling reactions will occur (Fig. 6B) .
In a Zutropf model, a similar but more pronounced effect of the S-fraction on lignin is shown (Fig. 6, C and  D) . Under Zutropf conditions, the average length of lignin (before degradation) is higher than under Zulauf conditions (Fig. 6C) . We also observe that the cross-coupling fraction and the b-O-4 fraction are higher under Zutropf conditions (Fig. 6D) .
Parameter Sensitivity Next, we tested to what extent the effects of influx rate and S-fraction depend on the specific values of the reaction constants. We reran our simulations with probabilities for each possible bond set to equal values (Table II) . Figure 5 (C and D) shows the effects of the influx rate, and Figure 6 (E and F) shows the effects of the S-fraction for such unbiased bond probabilities. Note that our original parameter settings already assumed unbiased bond probabilities for monomeroligomer reactions, so the changes can only be attributed to the effect of dimerizations. Although the details differ, the main results hold for such unbiased reaction constants: a slower monomer influx generates lignins with a higher b-O-4 fraction, and lignins synthesized with a high fraction of S-units have more b-O-4 bonds. These results are thus intrinsic to the coupling rules and are only slightly altered by using the experimental set of reaction constants. After all, the fact that one bond cannot be formed (no b-5 bond for S-units and no b-b bond in monomer-oligomer reactions) means the other bonds (b-O-4 in particular) will be more frequent.
Interestingly, the monomer yield following b-ether cleavage from lignins produced under Zulauf conditions is much higher for unbiased parameter settings than for experimental parameter settings (Fig. 5 , compare B and D), although the total b-O-4 fractions are nearly identical. The reason for this is that a b-O-4 bond does not always release the same number of monomers, because this depends on the position of this bond in an oligomer. Under unbiased parameter settings, b-O-4 bonds are more likely in dimers, and b-O-4 dimers release two monomers after degradation, whereas an internal unit of an oligomer is only released when it is surrounded by two b-O-4 bonds. Thus, monomer yield is not the perfect measure for the b-O-4 fraction.
DISCUSSION
We have presented a simulation model of in vitro lignin polymerization. The simulation algorithm iteratively chooses a random reaction from a finite set, with each reaction having a certain probability of being selected. The reactions are applied to a reaction mixture, which is symbolized by a list of all monomer and oligomer sequences.
In this model, the b-O-4 fraction can be increased by decreasing the rate of monomer influx. Adding the same number of monomers over a longer period of time gives oligomers the chance to grow longer, even though reactions proceed more slowly because fewer molecules are available in solution. This means monomer-oligomer coupling occurs at a higher rate relative to dimerization, which will increase the b-O-4 fraction of lignin, as monomer-oligomer coupling results predominantly in b-O-4 bonds. This explains why natural lignin and Zutropf DHP lignins are richer in b-O-4 bonds than Zulauf DHP lignin (Hatfield and Vermerris, 2001; Ralph et al., 2008) .
Increasing the fraction of S-units also results in a higher b-O-4 fraction and a higher monomer yield after degradation. b-O-4 bonds are relatively more likely with S-units even when all bonds are equally probable, because S-units have one fewer bindable position compared with G-units (C 5 is methoxylated). This result is not completely in accordance with DHP experiments (Kishimoto et al., 2010) , which find that the monomer yield is higher in mixed S-and G-monomer experiments than in 100% S-monomer experiments. This discrepancy between our model and the observations of Kishimoto et al. (2010) may be due to our assumption that the monolignol-oligolignol coupling reaction constants were unbiased. If we assumed that S-units have lower binding probability than G-units to bindable S-ends of oligomers (i.e. by setting the reaction constant of reaction 13 to 0.1), our model matches the Kishimoto et al. (2010) observations better (Fig. 7B) . For this assumption, the monomer-oligomer coupling fraction decreases at higher S-fractions, because relatively more bonds come from monomer-monomer couplings. So, not only bond probabilities but also binding probabilities affect lignin composition; future work will determine precise measurements of the binding probabilities between monomer subunits and oligomers. Another observation is that the average lignin chain length increases with the S-fraction (Fig. 6) . However, lignin in transgenic plants with a high S content has a lower M r , as deduced from two-dimensional NMR-based bond frequencies (Stewart et al., 2009 ). This discrepancy may also be due to our assumption that G-and S-monolignols have equal binding affinity to oligomers; after reducing the oligomer-monomer binding probability for S-units, the oligolignols in our simulations shorten at higher S-fractions (Fig. 7A ). Our future work will test this model prediction experimentally.
In experiments, the monomer yield is often used as a measure of b-O-4 bond frequency. However, in experiments where the relative number of dimerizations is changed along with the b-O-4 fraction, caution is needed. b-Ether dimers will always release two monomers after cleaving a b-O-4 bond, whereas longer oligomers will release only one; in fact, a monomer can only be released from an internal unit by cleaving the two b-O-4 bonds that may surround it. Thus, if the number of dimerizations is increased (e.g. when the influx rate is increased), the monomer yield will overestimate the b-O-4 fraction.
Unfortunately, little is known about the exact in vitro DHP reaction conditions, in particular for oligomer-oligomer coupling and branching reactions. These were not considered in our model, and neither were some other bond-forming reactions (e.g. the b-1 bond; Ralph et al., 2004) . Better estimates need to be made for the binding probabilities by extensive DHP experiments with varying supply rates, varying unit ratios, etc. Nevertheless, the general trends of the reaction constants are considered to be correct. For example, if the b-O-4 fraction in dimerization would have been higher than in monomer-oligomer reactions, the total b-O-4 fraction would decrease at slower monomer influx, which is contrary to in vitro evidence (Hatfield and Vermerris, 2001 ).
Another issue is whether the reaction constants of monomer-oligomer coupling reactions are independent of oligomer length, which we implicitly assume by lumping oligomers with identical bindable ends. Experiments have shown that, during polymerization of various monomeric compounds, the reaction rate constants hardly change for oligomers of over four units (Flory, 1953) ; we are unsure if this observation holds for lignin polymerization. The exclusion of dehydrogenation reactions as a parameter is justified by presuming that the oxidizing agents are available in excess, so that radicalization is not the rate-determining step. However, in vivo, oxidase enzymes (peroxidases and laccases) are not necessarily available in excess and could affect lignin composition. Also note that the oxidizing agent used to make DHPs has a different reactivity compared with the in vivo oxidases. For example, HRP oxidizes S-units less efficiently than G-units (Kishimoto et al., 2010) . Our data are based on experiments with copper acetate, which mimics the in vivo oxidation better than HRP (Landucci, 2000) .
Our model only considers the in vitro situation (i.e. a well-mixed reaction vessel without any other molecules that could interfere). One hypothesis states that, in vivo, lignification is not a combinatorial process but is tightly orchestrated by proteins harboring arrays of dirigent radical-binding sites (Davin and Lewis, 2005) and that lignification might be a template replication process (Chen and Sarkanen, 2010) ; a discussion of the likely merits of these hypotheses has been published ). In our model, lignification is a purely combinatorial process, and it shows that reac- Figure 7 . Effect of S-fractions in a simulated Zulauf experiment (influx time of 1,000 s). The reaction constant of reaction 13 (Table II) for coupling between an S-monomer and an S-end of an oligomer {S(4,B) + S(4)-… / S(4)-[B4]-S-…} was reduced from 1 3 10 26 to 0.1 3 10 tion constants will affect these bond frequencies. The in vitro-in vivo differences could thus be the result of different reaction conditions that will affect these reaction constants (e.g. a different pH or the use of a different oxidant). Moreover, the presence of polysaccharides appears to increase the M r of lignin, favoring the formation of b-O-4 linkages (Houtman and Atalla, 1995) . Several previous studies have modeled lignin polymerization Glasser, 1974, Glasser et al., 1976; Lange et al., 1987; Jurasek 1995 Jurasek , 1998 Roussel and Lim, 1995) . These studies predict lignin bond frequencies in reasonable agreement with experimental data but do not predict how they depend on reaction conditions. The SIMREL model (Glasser and Glasser, 1974; Glasser et al., 1976) searches for a reactive position in a polymer and couples a monomer to it, unless the bond distribution in the polymer no longer matches the bond frequencies found in the literature. Thus, this model cannot predict bond frequencies from first principles or reaction conditions. Roussel and Lim (1995) present a two-dimensional cellular automata model of lignification, where lignins are allowed to grow in a two-dimensional space. Monomers are modeled as point particles represented by cellular automata states, and bonds form by joining molecules that diffuse into proximity. The model focuses on the conditions for forming space-filling lignin molecules. Jurasek (1995 Jurasek ( , 1998 ) has introduced a model of three-dimensional lignin polymerization, where monomers are represented as ball-and-stick entities and react randomly with existing subunits, selecting a bond type according to probabilities estimated from experimental data. Also interesting is the model by Lange et al. (1987) , which simulates the process of lignin degradation by a set of chemical reactions, whereas in our work, b-O-4 bonds are all cleaved at once. Apart from computer models, lignin polymerization has also been approached by quantum chemical and force field methods (Durbeej et al., 2003) . These techniques can explain reaction constants, as they investigate electrochemical features of monomers and the energetics of compounds. Molecular modeling techniques have also been used to study the association of lignin and cellulose microfibrils, which exhibit an adsorbing force that may constrain the movement of lignin monomers and oligomers and influence their freedom to participate in random polymerization reactions (Houtman and Atalla, 1995; Mazeau, 2005a, 2005b ). Thus, such molecular level models are helpful in predicting the details of lignin polymerization and molecular detail and may help to fine-tune models of large-scale lignin polymerization like ours.
Although our model only considers lignin primary structure, the combination of a rule-based, constructive grammar and the Gillespie (1977) model allows us to simulate a well-mixed in vitro reactor and to use quantifiable reaction rates, which enables us to study the effects of a wide range of reaction conditions on primary structure. The model we used to simulate lignification is still rudimentary; nevertheless, it already offers a better understanding of the process in an in vitro environment. A simple model has the advantage that it makes experimental results easier to explain. Where the results are not in accordance with reality, the explanation has to be sought in different reaction conditions or the simplicity of the model. Thus, our model is a useful tool to predict synthetic lignin structure and should help define strategies to tailor lignin structure in plants to increase degradability. As a future direction, oligomer-oligomer reactions, branching, and radicalization should be included in the model and a better set of reaction constants needs to be established. Future studies will also shed light on the need, or otherwise, for proteins harboring dirigent sites in defining the outcome of lignin polymerization.
